Abstract. OBJECTIVE: The aim of this study was to analyze the stress characteristics of the lumbosacral segments of the preparation phase of barbell lifting using finite element method and to provide scientific and objective mechanical factors of lumbosacral joint injury in weightlifters for prevention and treatment of lumbar weightlifting injuries. METHOD: The three-dimensional lumbosacral finite element model was established by reverse engineering method based on DICOM data (L5-S5 segments included). The Von Mise stress trends of lumbosacral bone, soft tissue such as intervertebral disc, ligament were analyzed between normal physiological activities when flexion, extension, left bend, right bend and preparation phase of barbell lifting. CONCLUSION: The vertebral body is the main stress-bearing part during lifting and the intervertebral disc plays a major role in transmitting the load. Long-term repeated high-stress stimulation could cause slight fractures of cancellous bone and end-plate of vertebrae. Interspinous ligament bears more load and is more likely to get injured relative to other ligaments. The force imbalance of the left and right ligament also reveal that minimizing spinal flexion and torsion compound action could reduce the possibility of ligament injury.
Introduction
Due to the complexity of the lumbosacral joint structure and the limitations of research methods, many problems need to be further explored in analyzing the stress characteristics of the lumbosacral segments of weight lifting.
A previous study by Liu Xue-zhen et al. [1] analyzed the snatch movements of Jiang Kai by using the method of video recording and analyzing based on mathematical statistics. Bao Chun-yu et al. [2] established a comprehensive finite element model of the lumbar spine (L1-5), thus simulated the biomechanics of the lumbar motion segment during preparing lifting barbell. The equivalent stress on the vertebral body and intervertebral disc indicated ascending trend from up to low sites. The stress on the vertebral body was 4-5 times higher than below the intervertebral disc's. A study by Susan M. Renner et al. [3] showed that compressive follower pre-load decreased total as well as segmental ROM in flexion-extension by up to 18%, lateral bending by up to 42%, and torsion by up to 26%.
In this study, a three-dimensional finite element model of the lumbosacral joint of the human body was established by reverse engineering method. The stress characteristics of the lumbosacral bone and the soft tissue such as the ligaments was analyzed from the perspective of stress distribution and structure and biomechanics function, in the expectation of providing a scientific and objective basis for exploring the mechanical factors of lumbosacral joint injury of weightlifter, and a reference for the prevention and treatment of lumbar weightlifting injuries.
Subject
The study was performed in accordance with the local ethics guidelines. A healthy female weightlifter participated in the study and gave written informed consent after explanation of the protocol and risks. The 94% of the participant's general measurement results were in good agreement with the mean level of the mass population of China; skeletal abnormalities were ruled out by X-ray; no previous history of lumbosacral joint issue has been detected. DICOM images of this athlete lumbosacral joint L5-S5 were acquired through CT scan (thickness 1.25mm).
Method
The solid lumbosacral geometric model was established in the Mimics10.01 software by reading DICOM data, setting the threshold, building masks, separating bones, making up model defects, processing surface spikes, calculating and generating entity and outputted into STL (Standard Template Library) format. During the generation process, the surface of the model was modified and smoothed, meaningless noise was removed with minimum human interference.
The STL surface geometry model was optimized through the Geomagic studio12 software to generate a visually intuitive and realistic Nurb triangular facets surface to fit the surface of the lumbar and sacral structure and outputted into IGES (The Initial Graphics Exchange Specification) format.
The IGES geometric model was imported into Hypermesh11.0 for secondary geometric cleaning. The grid density was pre-determined according to the grid precision test. The four-node tetrahedron Solid185 element was used for grid division to eliminate the deformed cells and generate three-dimensional Finite Element mesh model.
The 2D-element offset command was used to extend the osseous disc connecting surface along its normal (0.5 mm, which is the width of the normal endplate) to form the endplate, nucleus pulposus, annulus fibrosus structure of the normal disc.
According to its function, the ligaments were modeled by Link180 element to simulate the function of tension but no compression. In accordance with the ligaments' thickness and function, 6 anterior longitudinal ligaments, 5 posterior longitudinal ligaments, 6 anterior transverse ligaments, 3 ligneous ligaments, 3 interspinous ligaments 2 ligaments, 2 ligaments, 17 ligaments were created.
Physical contact problem refers to the objects under interaction force without penetrating constraint, such as the adjacent contact of facet joint capsule. The use of nonlinear finite element contact analysis was to make it closer to clinical practice and improve the accuracy of model analysis.
Bone structure and intervertebral disc were simulated as isotropic elastic material, bone, disc, ligament material properties were determined by the literature [4] . The three-dimensional mesh model was imported into Ansys14.5, with the real constant [5] defined, the boundary condition of the model set, and the pre-load applied to do the pre-analysis to verify the validity of the model.
Pelvic model boundary constraints were set as: constraint on sacral bilateral auricular whereas no constraint on L5; exert a 500N preload downward force along the body vertical line (about 2/3 of body weight) on L5 end plate; exert flexion, extension, left turn, right turn torque of 7.5N·M [6] on L5.
Weightlifting preparation phase simulation load: the athlete took her own grip and distance position from the station during the weight lifting phase, with legs lowered close to the bar for the next knee extension phase. Then the athlete's torso angle was about 45° [7] . Assuming that the athlete's trial weight of the barbell lifting was 160kg, then the lumbar spine of the vertebra L5 of the spine is estimated under 101.86N·M torque based on the statics, the Chinese human body segment parameters and the CT images of this study. 
Results and Discussion
Simultaneously with the application of vertical compressive load, the flexion, extension, left bending and right bending torque of 7.5 N·M were applied respectively to L5 to simulate the normal range of activities. Applying a torque of 101.86 N·M to the L5 lumbar with a torso angle of approximately 45°, to simulate the process of weight lifter lifting the bell.
The Von Mise stress (MPa) of the lumbosacral segment and the soft tissue such as the intervertebral disc and ligament were obtained respectively, and the stress value of the ligament was calculated as the sum of the cross-sectional stress of the link 180 unit.
In Table 2 we list the final results: The stress cloud map of lumbar spine, sacrum, nucleus and endplate under bell lifting load condition are depicted as below: Figure 2 . The stress cloud of Lumbar spine, sacrum, nucleus and endplate in Weightlifting phrase.
By means of analyzing the extreme stress result of lumbar and sacral under flexion, extension, left bend, right bend conditions, we find that the joint capsule contact stress is zero in flexion conditions, the joint capsule mainly is mainly pulled by the joint capsule ligament, and the restraint effect of posterior longitudinal ligament on joint activity is significant. However the posterior longitudinal ligament almost does not bear any force under extension.
In left turn condition, the right lateral transverse ligament plays a major role in restricting over-rotation, whereas the left transverse ligament almost does not bear any force and opposite result was found in right turn condition. No significant change is noticed in the yellow ligament, interspinous ligament and supraspinous ligament stress under the left and right bending conditions compared to standing posture condition; and yet, stress of the above mentioned ligaments increases significantly under flexion condition, while reduces significantly under extension condition. Compared with the left and right capsular ligament stress changes, left and right transverse ligament stress changes appear more notable, indicating its dominant role of constraining the joint activity.
In comparison to previous research findings, the results are in good agreement with the relevant literature [8] [9] [10] , which basically meet the modeling accuracy and research needs. The validity of the three-dimensional finite element model can provide the reliability to analyze the change trend of preparatory bell lifting action.
From the view of stress distribution, compared with flexion conditions, lumbar stress concentrated in the anterior vertebral body, disc stress concentrated in the anterior annulus fibrosus in weightlifter knee extension stage.
When the weightlifter raises the bell, the stress of each ligament is about three times of that of the flexion condition, in which the interspinous ligament increases the most and the sacral stress increases more than three times, indicating that the vertebral body bears mainly the stress and the intervertebral disc plays a major role in transmitting the load. Stress concentration phenomenon in the anterior vertebral and under the vertebral pedicle shows long-term repeated high-stress stimulation can cause minor fractures in vertebral cancellous bone.
When preparing the bell lift action, the interspinous ligament bearing more force than other ligaments, more likely to injury. Left and right ligament force imbalance also prompted to minimize spinal flexion and torsion compound action and reduce the possibility of ligament injury.
Therefore, the athlete should reduce the angle of spinal flexion to reduce the weight moment suffered by the spine of the spine and reduce the stress on the vertebral body and intervertebral disc when preparing the bell lift action.
